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1. General Introduction 
1.1 STRUCTURE OF THE ARTERIAL WALL 
Arteries can be categorized into elastic arteries (aorta, common carotid artery, etc.) and 
muscular arteries (located at periphery except coronary arteries). Elastic arteries are 
known for their large diameter of the lumen which makes the wall appear to be thin 
while the muscular arteries have thick walls compared to the luminal diameter (Krause, 
2004; Nichols et al., 2011).   
Arterial wall consists of three layers. From lumen outward these layers are 
intima, media and adventitia. Intima is separated from media through internal elastic 
lamina. In elastic arteries, intima consists of the vascular endothelium and a thin layer 
of elastin and collagen fibres that attach it to the internal elastic lamina. Media, which is 
the thickest layer, consists largely of elastic laminae and smooth muscles. Adventitia 
consists of bundles of collagen fibres and few elastic fibres. External elastic lamina 
separates adventitia from media (Krause, 2004, Gasser et al., 2006; Nichols et al., 2011).    
1.2 ATHEROSCLEROSIS 
Atherosclerotic cardiovascular disease is a major cause of mortality and morbidity in 
the world (Davies and Thomas, 1984; Gibbs et al., 1998). Atherosclerosis is an age-
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related disease (Lakatta and Levy, 2003). It is a condition in which a plaque builds up in 
large and medium-sized arteries by accumulation of lipid and other materials such as 
protein and cholesterol esters in intima (Davies and Woolf, 1993).   
Rupture of atherosclerotic plaque allows blood to contact thrombogenic 
materials of the lipid-rich core, leading to thrombosis and consequent ischemic 
syndromes (Virmani et al., 2005).  
1.2.1 Vulnerable atheromatous plaques 
Plaques at high-risk or susceptible to complications (vulnerable plaques) have been 
classified as plaques prone to rupture, ruptured/healing plaques, plaque with calcified 
nodules, plaques with intraplaque haemorrhage, severely stenotic plaques, etc. (Naghavi 
et al., 2003; Saba et al., 2014). The vulnerability of a plaque is affected by mechanical 
properties of plaque constituents and morphological characteristics such as thin fibrous 
cap, large lipid core and calcification (Tang et al., 2005). Plaque rupture can be 
considered as a mechanical event where fibrous cap fails under physiological loads. 
However, the mechanism of plaque rupture is not well understood.  
In order to improve diagnosis and devise a prevention/treatment method, it is 
beneficial to understand the effect of such factors on the mechanical behaviour of 
arteries in patients. Studying these factors from mechanical viewpoint provides medical 
doctors with additional information which may facilitate better diagnosis of vulnerable 
atheromatous plaques.  
 
1.3 ARTERIAL REMODELLING  
Arterial remodelling is the main determinant of lumen size. Remodelling can be inward, 
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causing a reduction in size (such as restenosis after angioplasty) or outward, causing an 
increase in the artery size (Ward et al., 2000). Remodelling occurs in both diseased 
(atherosclerosis) and non-diseased arteries during the natural process of ageing (Folkow, 
1978; Najjar et al., 2005; Pasterkamp et al., 2000; Benvenuti et al., 2005). 
1.3.1 Arterial remodelling and ageing 
Ageing is the dominant risk factor for cardiovascular disease, while other 
cardiovascular risk factors such as hypertension, diabetes, etc. accelerate ageing (Najjar 
et al., 2005; Lee and Oh, 2010). With ageing, the arterial wall stiffens and its elastic 
properties reduce, lumen enlarges and the endothelial functions disrupt (Gaballa et al., 
1998; Najjar et al., 2005; Lee and Oh, 2010). Stiffening of the wall changes the flow 
condition, increases the systolic pressure and changes in aortic pressure contour, pulse 
wave reflection, etc. (O’Rourke, 1982). Changes in blood flow and circumferential 
stretches cause remodelling in arteries to restore the stress state (Langille, 1996).  
1.3.2 Arterial remodelling and atherosclerosis 
Outward remodelling prevents significant reduction of lumen size (delaying stenosis) 
during development of atheromatous plaques (Kiechl and Willeit, 1999).   
During plaque development, calcified nodules may accumulate within the 
plaque’s intimal layer (Demer and Tintut, 2008) and cause complications (Fitzgerald et 
al., 1992; Naghavi et al., 2003). Calcification may cause inadequate outward 
remodelling or even inward remodelling (Mintz et al., 1997).  
 
1.4 MOTIVATIONS AND OBJECTIVES 
The purpose of this dissertation was to give a better understanding of the physiological 
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and pathological changes in the arterial wall due to ageing and atherosclerosis, 
respectively, from a mechanical viewpoint, focusing on physiological intimal 
thickening and pathological changes such as calcification and rupture in the elderly 
subjects. Thus, layer-specific and lesion-dependent mechanical and morphological 
characteristics in the arterial wall were investigated by incorporating methods such as 
uniaxial stretching tests, histological examinations, finite element (FE) analyses, etc. 
It has been demonstrated that residual stress, which remains in the arterial wall 
with no external force, affects stress distribution in arterial walls (Delfino et al., 1997; 
Ohayon et al. 2007). It has also been shown that each layer of the arterial wall, i.e. 
intima, media and adventitia, has different residual stress and stress–free geometry and 
mechanical properties (Holzapfel et al., 2007; Sommer et al., 2010). However the effect 
of residual stress and stress-free geometry of the layers in an arterial wall with intimal 
thickening has not been elucidated yet. Thus the first study was conducted on common 
carotid artery specimens with physiological intimal thickening, and a novel method was 
proposed to investigate the effect of layer-specific stress–free geometries and 
mechanical properties on stress/strain state of the wall. 
The effect of calcification on plaque vulnerability is not clear yet. FE studies, 
assuming a perfect force transmission between plaque components, have suggested that 
the location and depth of calcification are key factors which affect the stress state (Li et 
al., 2007; Buffinton and Ebenstein, 2014). Although stress cannot be directly obtained 
from experiment, experimental studies can evaluate strain and have no assumption for 
the force transmission. It is important to evaluate strain under controlled condition to 
determine the effect of calcification on the strain state and deformation of plaques. 
Therefore we carried out stretching tests and evaluated strain using a digital image 
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correlation technique to assess the relationship between deformation characteristics and 
the presence of calcification in human atheromatous plaques. 
Identification of ruptured plaque as a type of vulnerable plaque is of great 
importance; however identifying ruptured plaques in carotid artery using 
ultrasonography is not easy. Study of the deformation behaviour of a ruptured plaque 
may be helpful for its in vivo image-based diagnosis. Thus we studied deformation 
characteristics of a ruptured plaque and compared it to deformation of an unruptured 
plaque. 
 
1.5 OUTLINE 
This dissertation consists of four chapters. An overview of each chapter is presented 
below. 
1.5.1 Chapter 1 
This chapter gives a general introduction and overview to the contents of this 
dissertation. The background and necessity of the studies were explained for this 
dissertation and an overview of the results and conclusions was derived in each study.  
1.5.2 Chapter 2 
This chapter presents a novel method to investigate the effect of stress-free geometry of 
a physiologically thickened intima which is observed commonly in elderlies. 
A common carotid artery was obtained from autopsy and it was separated it into 
three layers of adventitia, an outer part of media and a layer composed of intima and the 
rest of media. Uniaxial stretching test was carried out to find the mechanical properties 
of these layers. A histological observation was carried out to determine the composition 
of the tested bi-layer of intima-media and to evaluate the mechanical properties of 
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intimal layer. Stress-free geometries of these separated layers and mechanical properties 
of the intima, media and adventitia were used to create an FE model. Results of this 
layer-separated model were compared to a layer-aggregated model which was created 
based on the stress-free geometry of the arterial wall with a single radial cut before 
layer-separation. This study is the first study which uses three-separated layers in their 
stress-free geometry for FE analysis with a novel method of layer-separation and 
modelling.  
The results showed that both stress-released geometry and stress-strain 
relationship of the innermost layer highly influence radial gradient and level of 
circumferential stress which indicates the significance of location-dependent intimal 
remodelling on intimal stress. 
1.5.3 Chapter 3 
In this study, the relationship between deformation of the fibrous cap and the presence 
of calcified nodules in the plaque was investigated. In order to have an accurate 
estimation of deformation field of the luminal surface, including fibrous cap surface, a 
large artery was chosen. Eight thoracic aortic specimens were obtained from autopsy, 
seven of which were atherosclerotic and a normal specimen as control.  
CT scanning was carried out to identify the presence, profile and depth of 
calcification and histological observation was conducted to determine their locations as 
in the fibrous cap or lipid core. Uniaxial stretching test was also conducted for digital 
image correlation to obtain deformation/strain field over luminal surface. 
The results showed that the fibrous cap surface had no deformation locally 
where it was calcified and <0.01 of strain in the case of noncalcified plaques. The 
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findings in this study may be helpful in image-based diagnosis of vulnerable plaques 
through better understanding the deformation behaviour of calcified plaques.  
1.5.4 Chapter 4 
In chapter 4, the deformation of a ruptured plaque was investigated by FE methods and 
was compared to an unruptured plaque. In vivo ultrasonographic images of a ruptured 
carotid artery were obtained before endarterectomy (CEA). Histological observation 
was carried out on the extracted intima from CEA which showed that the lipid core was 
filled with blood.  
An FE model of a ruptured artery was created based on the geometry of the 
extracted intima from endarterectomy where lipid core was connected to lumen. 
Pressures were applied on the walls in this model with pressure loss along axial 
direction, evaluated from a computational fluid dynamics (CFD) analysis of this artery 
where blood circulated in the lipid core cavity. An FE model was also created from the 
ruptured model of the artery where the lipid core and lumen were not connected, 
representing an unruptured plaque. 
 Ruptured fibrous cap deformed inward while the fibrous cap of the unruptured 
model deformed outward to the usually observed concave shape.  This study facilitates 
better understanding of the post-rupture behaviour of the plaques which may be helpful 
in identifying ruptured plaques in vivo using medical imaging techniques.   
1.5.5 Chapter 5 
Chapter 5 gives a summary of the conclusions of the studies carried out here with an 
overall conclusion with regard to this dissertation 
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2. Finite element modelling of a common carotid artery 
with physiological intimal thickening using layer-
specific stress-free geometry and non-linear 
mechanical properties 
ABSTRACT 
Stress evaluation in the arterial intima of the elderlies is of great importance to 
investigate mechanical effects on tissue responses such as remodelling. In this study we 
proposed a novel technique to evaluate the effect of mechanical characteristics in the 
elderly subjects on the wall stress. We incorporated stress-released geometries and 
stress–strain relationships for three separated layers of a segment of common carotid 
arterial wall with intimal thickening, which is characteristic of elderly subjects to 
describe the layer-specific characteristics using a finite element model. A combination 
of pressure and displacement was used to join the separated layers and to form an 
unloaded ring-like segment before applying 10% axial stretch and 16kPa intraluminal 
pressure. Simulated data show that the stress–strain relationship and local curvature of 
the innermost stress-released layer influence the circumferential stress and its radial 
gradient, indicating that intimal stress is influenced significantly by location-dependent 
intimal remodelling. 
                                                                                                Esmaeili Monir et al., 2016a  
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2.1 INTRODUCTION 
Physiological and pathological changes such as ageing, hypertension and 
atherosclerosis cause morphological and mechanical responses in the arterial wall 
(Morimatsu et al., 1980; Hayashi et al., 2001; Schulze-Bauer and Holzapfel, 2003). 
These physiological and pathological events are correlated with mechanical states of the 
intima and media of the artery (Taber and Humprey, 2001; Ohayon et al., 2007; Liu et 
al., 2012). Therefore, it is important to analyse details of the stress state of the artery. 
A boundary-value problem of the mechanical behaviour of the artery consists of 
the stress-free geometry, constitutive equations and boundary conditions (Kiousis et al., 
2009). The arterial wall, consisting of the intima, media and adventitia, has been 
modelled as a single layer, and as two or three layers (Chuong and Fung, 1986; Taber 
and Humphrey, 2001; Raghavan et al., 2004; Kock et al., 2008; Holzapfel and Ogden, 
2010). Stress-released or unloaded configurations have been defined as initial 
configurations (Chuong and Fung, 1986; Taber and Humphrey, 2001; Holzapfel and 
Ogden, 2010; Speelman et al., 2011). 
Constitutive equations have been formulated by assuming a hyperelastic 
material with orthotropy, transverse isotropy or isotropy (Chuong and Fung, 1986; 
Delfino et al., 1997; Holzapfel et al., 2000; Taber and Humphrey, 2001; Yamada et al., 
2010; Kural et al., 2012). Boundary conditions of intraluminal pressure and longitudinal 
stretch have been applied to a tubular model (Delfino et al., 1997; Ohayon et al., 2007; 
Yamada et al., 2010). 
The accuracy of the calculated displacement, strain and stress depends on the 
accuracy of the modelled layer-specific stress-free geometry, constitutive equations and 
boundary conditions. Table 2-1 lists a summary of computational models of the arterial 
wall that incorporate multiple layers, stress-free configurations or subject-specific 
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geometries. The models are categorised as axisymmetric tubular models or subject-
specific finite element (FE) models. 
Von Maltzhan et al. (1981) modelled a two-layer tube with isotropic media and 
anisotropic adventitia. Peterson and Okamoto (2000) incorporated the opening angle 
(OA) into an axisymmetric two-layer model with intima-media and adventitia. 
Holzapfel et al. (2000) modelled an orthotropic hyperelastic two-layer tube with a 
constant OA using a radial cut. Holzapfel and Ogden (2010) modelled a three-layer tube 
with layer-specific stress-released configurations. Masson et al. (2011) conducted stress 
analysis with an age-dependent OA. Sommer et al. (2010) peeled the tubular adventitia 
and identified the biaxial mechanical properties of separated layers. Sommer and 
Holzapfel (2012) conducted stress analysis using tube layer models with intima-media 
and adventitia in which layer-specific stress-released configurations were obtained 
experimentally by peeling and cutting. 
Subject-specific models have been proposed for further investigation of arteries. 
Delfino et al. (1997) created a bilateral three-dimensional (3D) FE model of a bifurcated 
carotid artery with residual strain. Raghavan et al. (2004) created a 3D disc-like FE 
model using a radially cut stress-released geometry. Ohayon et al. (2007) reported two-
dimensional (2D) FE models for an atherosclerotic coronary artery. This model 
consisted of two layers of intima-media and adventitia that had a stress-released 
geometry via a single radial cut. Yamada et al. (2010) obtained a carotid artery 
following autopsy, and created a 3D ring-like FE model for the transverse cross-section 
at a plaque, incorporating a stress-released geometry via a single radial cut. 
In this study, we carried out novel FE modelling of a transverse cross-section of 
the common carotid artery (CCA) in the elderly that included the physiological intimal 
thickening associated with ageing. We measured individual stress-free geometries and 
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stress–strain relationships for the three layers experimentally and carried out numerical 
analyses of the stress state in the arterial wall. 
 
2.2 MATERIALS AND METHOD 
We received permission from the Medical Ethics Committee of the Fukuoka University 
in advance to carry out this study. 
2.2.1 Specimen preparation 
A common carotid artery (CCA) specimen from a 78 year-old-female was obtained 
during autopsy at Fukuoka University Hospital. The specimen was stored at -40°C for 
182 days before our experiment. We thawed the CCA in physiological saline at room 
temperature and then cut a ring like section from the tubular CCA specimen. We then 
used a single radial cut to open up this cut section (layer-aggregated) which consisted of 
intima (i), media (m) and adventitia (a) layers. We separated adventitia from the rest of 
the wall using a pair of tweezer. The remaining intima-media compound was separated 
into two layers under light microscope using two tweezers and a fine blade to prevent 
elongation of specimens due to separation force. 
The boundary between intima and media is not a clear boundary as the internal 
elastic membrane in intima is connected continuously to elastic components in media. 
Thus we separated the intima (i) with some tissue from media (mi) attached to it to 
ensure that intima was completely in one of the separated layers (imi). The other 
remaining layer consisted of the adventitial side of media (ma). Photo images were 
taken from the layers, in stress-free condition floating in physiological saline and in 
straightened condition, in each step of separation from different angle to identify 
 12 
 
geometry and dimension of the layers. Figure 2-1 demonstrates the overall procedure 
used to carry out this study. 
2.2.2 Histological observation 
We carried out histological observation on the separated layer of imi to identify the 
boundary of i and mi using Masson trichrome staining. We fixed imi in a solution of 
10% formalin in 0.1 N phosphate buffer (pH 7.4) for a few days at room temperature 
before staining. 
2.2.3 Finite element modelling incorporating layer-separated/layer-
aggregated stress-free state    
We created two finite element models: a layer-separated model incorporating the stress-
free geometry of the three separated layers of a, ma and imi and a layer-aggregated 
model incorporating the stress-free geometry of the layer-aggregated sample specimen 
after the radial cut. We used layer-specific stress-strain relationship obtained from 
uniaxial stretching tests on each layer as their material properties in FE analysis.  
2.2.3.1 Reconstruction of stress-free geometries of specimen before/after 
layer-separation 
Profiles of the layer-aggregated and separated layers of a, ma and imi were extracted 
from the photo images taken from cross sectional-view of those layers in stress-free 
condition. We imported the images to Rhinoceros 4.0 (Robert McNeel and Associates) 
using its bitmap function and extracted the profile of the layers manually. We used the 
thickness ratio of the three separated layers to identify the nonuniform profile of each 
layer within the profile of the layer-aggregated arterial wall. 
In order to identify the profile of i in imi, both in the layer-aggregated and layer-
separated stress-free profiles of imi, the stained image of imi was imported to 
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Rhinoceros as well. We extracted the profile of i and mi in the stained image, divided it 
into 10 sections along the circumferential direction and the thickness ratio of i to mi was 
calculated in these 10 sections. Finally the profile of imi was divided into 10 sections 
and using the calculated thickness ratio of i to mi, the profile of i and consequently mi 
were extracted. We used the profiles of the layers and created 3D geometry of the layers 
and arterial wall segment with 0.1 mm width in longitudinal direction. We finally 
imported the 3D geometrical models from Rhinoceros to Abaqus 6.13 (SIMULIA). 
Type and number of created elements in each model are presented in Table 2-3. 
Figure 2-2 shows the stress-released geometry of the arterial wall segment and 
its stress released separated layers as well as the corresponding FE models for these 
configurations. Figure 2-2 (a) also shows the image of Masson trichrome stained layer 
imi, where the boundary of the intima and media is depicted by red dots. The stained 
specimen is smaller as a result of shrinkage due to fixation in formalin solution. The 
right near-end region of layer imi, as can be seen in Fig. 2-2 (a), was curved outward 
where the other near-end region was almost straight. We considered this curvature to be 
a result of plastic deformation due to the exerted force by tweezers during the separation 
process. Thus we modelled this region with similar curvature of the other region.   
2.2.3.2 Constitutive equations 
We postulated an incompressible, isotropic and hyperelastic material for all layers and 
used an nth-order reduced polynomial strain-energy density function as: 
 1
1
3
n
i
i
i
W C I

                                                                                                      (2-1) 
for the materials, where I1 is the first invariant of the right Cauchy-Green deformation 
tensor C, and Ci (1, 2, …, n) are material constants. Using the definition below for I1 
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2 2 2
1 1 2 3trI      C ,                                                                                              (2-2) 
and the incompressibility constraint of 1 2 3 1    , where i (i = 1, 2, 3) are principal 
stretches, the Cauchy stress   can be derived as: 
1
2
dW
H
dI
 B I ,                                                                                                       (2-3) 
where B, I and H are the left Cauchy-Green deformation tensor, a unit tensor, and an 
indeterminate pressure, respectively. 
Under uniaxial stretching condition, the relationship between Cauchy stress, , 
and stretch in stretching direction,  , can be expressed as 
 
12
1
1
1
2 3
i
n
i
i
iC I 



 
 
 
   .                                                                               (2-4) 
In order to determine the material constants Ci in Eq. 2-4, uniaxial stretching 
tests were carried out in the circumferential direction on each layer. We used a loading 
device, shown in Fig. 2-3, which consisted of a load cell (LVS-200GA, KYOWA) to 
measure the stretching force, a laser displacement sensor (ZX-SLD40, Omron) to 
measure displacement, a stepper-motor-driven stage (SGSP20-20(Z), SIGMA KOKI) to 
stretch the specimens and a stage controller (SHOT-302GS, SIGMA KOKI) to control 
the stretch. Specimen was clamped at both ends with around 10 mm length between the 
clamps. We adjusted the clamp-to-clamp distance of the specimen so that no initial load 
was exerted on the load cell and set as displacement reference. The reference length for 
strain was chosen as the no-slack length of the specimen, when specimen would become 
straight during the stretch. 
The specimens were preconditioned for six cycles with a strain of 20% and then 
a final stretch with strain of 80%, with a strain rate of 0.01/s using a fine pitch of 0.008 
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μm/pulse. Specimen was kept in a physiological saline bath during the stretching test to 
prevent the specimens from drying up. 
The experimental force-displacement relationship of each layer was then 
transformed to Cauchy stress-strain relationship using the average thickness of the 
stretched part of specimen and uniaxial condition where 1   .  
To determine the stress-strain relationship of the intima, i, from the 
experimentally stretched layer of imi, we first assumed that the mi part of imi had the 
same material properties of the experimentally stretched layer of ma since both had the 
material of the media. Then we used the thickness ratio of mi to i, 0.537:0.463 within 
imi and assumed a parallel configuration for these sub-layers in imi, resulting to the 
following relationship between their Cauchy stresses:    
0.537 0.463
i iim m i
    .                                                                                           (2-5) 
Finally, in order to determine the material constants for all materials, i.e. 
adventitia, media and intima, we used a curve fitting function in Igor Pro 6.3 
(WaveMetrics) to fit the stress-strain curves from experiment and from Eq. 2-5 with the 
theoretical one given by Eq. 2-4.  
2.2.3.3 Boundary conditions  
In both FE models, we first had to create a ring-like unloaded configuration to apply in 
vivo boundary conditions. In order to create a ring-like configuration from stress-
released geometries of all layers in layer-separated model, we assigned a no slip, no 
separation and no penetration condition as contact behaviour. This contact behaviour 
means that when two layers contact, there will be no movement between the contacted 
regions with respect to one another. We then assigned a symmetric displacement at the 
surfaces of the layers facing the negative direction of the longitudinal axis. The surfaces 
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in positive direction were also constrained in axial direction until unloaded 
configuration was obtained.  
We united the layer imi with ma first, and then joined the layer a to them. As 
demonstrated in Fig. 2-2, the adjacent layers of imi and ma had a common corner and 
line in axial direction. We fixed this corner and the layer a, while displaced the other 
end of imi to be united with the other end of ma. A combination of negative pressure up 
to 0.05 kPa on the surface of imi which faced ma and displacement at the other free 
corner of imi were assigned, while we fixed the shared corner of imi and ma , as well as 
the entire layers ma and a. We released the constraint on ma and a during the 
displacement of imi, stretched the free end of ma to straighten it and then fixed it again 
to make contact between the two surfaces of imi and ma. To ensure a perfect contact 
between the two surfaces, negative pressure of 1.5 kPa was applied to them after the 
constraint on ma was release. To unite layer a to the united layers of imi and ma, we 
fixed imi and ma and applied displacement to the free end of a, while applying positive 
pressure of 0.03 kPa to its surface which faced ma to prevent their contact before both 
ends were united. After both ends of a and ma were united, imi and ma were released and 
a positive pressure of 2 kPa was applied gradually on the luminal surface of imi to join 
all layers together by making contact between inner surface of a and outer surface of ma.  
From this configuration where all layers were united to the unloaded one, we 
applied displacement to the displaced end of imi to join its other fixed end. When imi 
ends were united, then the ends of ma and a were displaced one by one to join their 
other ends. Again a negative pressure of up to 10 kPa was applied to these surfaces, 
where specimen was originally cut radially to ensure complete contact. 
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In layer-aggregated model, the same procedure was used as the previous paragraph. 
We finally assigned 10% axial stretch to the surfaces facing positive axial direction and 
gradually applied intraluminal pressure of up to 16 kPa to the inner surface of imi.   
 
2.3 RESULTS 
2.3.1 Effect of layer-separation on geometrical dimensions of layers 
Separation of layers caused dimensional changes in each layer which is demonstrated in 
Table 1-2. The total thickness of all three separated layer was 9.2% higher than the 
thickness of the layer-aggregated specimen. 
2.3.2 Mechanical properties of all layers 
Experimental Cauchy-stress strain relationships for three layers of imi, ma and a, as well 
as the theoretical curves from Eq. 2-4 for materials of intima (i), media (ma) and 
adventitia (a) are demonstrated in Fig. 2-4. For the materials i, ma and a, the material 
constants in Eq. 2-4 were determined, respectively as (all in kPa): 
1 2 30.33, 3.47, 35.2C C C   ,                                                                             (2-6) 
1 2 311.8, 26.7, 18.7C C C                                                                                 (2-7) 
 and 
1 2 3 410.1, 3.28, 0.01, 44.3C C C C    .                                                          (2-8) 
2.3.3 Stress and strain in unloaded and loaded conditions 
Distributions of the residual strains in the unloaded configuration for the both models, 
i.e. layer-separated model and layer-aggregated model are shown in Fig. 2-5. The 
residual strains, resulted from deformation of stress-released configuration to the 
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unloaded one, are expressed as the nominal strain components in the radial, 
circumferential and longitudinal directions and a radial-circumferential shear strain 
component, indicated by rr ,   , zz  and r , respectively. In layer-separated model, 
Fig. 2-5 (b), the strain components rr ,   , zz  and r  in intima, i, were in the range of 
(–0.142, 0.086), (–0.053, 0.083), (–0.043, 0.077) and (-0.067, 0.075) while the other 
shear components, i.e. z  and rz  were in the range of (-0.006, 0.009) and (-0.014, 
0.019), respectively. Intima near point D, had large compressive circumferential strain 
while the outer region of media at point B, showed large tensile circumferential strain as 
a result of deformation from stress-free state to the unloaded configuration. In layer-
aggregated model, Fig. 2-5 (b), circumferential strain increased monotonically in radial 
direction, from negative values at the inner surface of intima to positive values at the 
outer surface of adventitia.  
Figure 2-6, demonstrates the distribution of Cauchy stress components in radial, 
circumferential and longitudinal directions and a radial-circumferential shear strain 
component, indicated by rr ,  , zz and r , respectively. The boundary conditions 
for layer-separated model, Fig. 2-6 (a), and layer-aggregated model, Fig. 2-6 (b), in 
these results were 10% longitudinal stretch and intraluminal pressure of 16 kPa. In 
layer-separated model under loading conditions, the shear strain components had small 
changes and became in the range of (–0.075, 0.072), (–0.003, 0.003), and (–0.003, 
0.003), for r , z  and rz  components, respectively.  
2.3.4 Effect of curvature on transmural distribution of stress  
Figure 2-7 compares the curvature at locations B to D between the layer-separated and 
layer-aggregated cases. The corresponding OAs were calculated as 179° (location B), -
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986° (C), and 173° (D) for the layer-separated case and 142° (B), 83° (C), and 47° (D) 
for the layer-aggregated case, using the formula 
2 (circumferencial length) (curvature) 180
corresponding OA(deg)
2


 
        (2-9) 
for the layers, OA was estimated as 42° (layer imi), 95° (ma), and –13° (a) for the layer-
separated case and 68° (entire wall) for the layer-aggregated case. 
Figure 2-8 compares the distribution of the circumferential stress over the radial 
cross-sections at B to D between the layer-separated (a) and layer-aggregated (b) 
models; the relative value of the curvature determines the sign of the stress gradient. For 
the layer-aggregated model (Fig.2-8(b)), the radial gradient of the circumferential stress 
changed from negative to positive as the curvature decreased in the order of the cross-
sections at D, C, and B, with the most uniform stress distribution over the cross-section 
at C. For the layer-separated model (Fig1 2-8(a)), curvatures ranging from 0.001 to 
0.208 resulted in a positive gradient of circumferential stress, while larger curvatures 
ranging from 0.357 to 2.50 resulted in a negative gradient. The sign of the gradient 
changed in the layer-aggregated model in the outer layer a over the cross-section at B 
and in the inner layer imi over the cross-section at C due to its relatively large curvature, 
and in the inner layer imi over the cross-section at D due to its relatively small curvature. 
 
2.4 DISCUSSION 
We presented a novel method to evaluate stress in a carotid artery with physiological 
intimal thickening to investigate the mechanical effects on tissue responses such as 
remodelling. We obtained a human common carotid artery and cut out a ring-like 
segment from it. We radially cut open the segment and separated it into three layers of 
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adventitia, media and intima-media compound and identified the boundary between 
intima and media from histology. We carried out uniaxial stretching tests to determine 
the mechanical properties of intima, media and adventitia. We created an FE model 
based on stress-free geometry of these three layers and compared its results to an FE 
model based on stress-free geometry of the layer aggregated specimen (when the ring-
like segment was cut open before separation). 
Major determinant of the accuracy of the results of FE models is the accuracy of 
the input data and the experimental procedure to obtain them. Since the stress-free 
geometry was essential in this study, we separated adjacent layers by dissection under a 
light microscope and using a combination of cutting and peeling forces. The separated 
layers were elongated by <10%, indicating that peeling a layer off by tweezers alone is 
likely to cause high elongation of the separated layers since the vascular tissue is 
extremely extensible by small stresses (Holzapfel et al., 2007). 
2.4.1 Distribution of stress/strain under physiological loading conditions 
The distribution of the circumferential stress over the wall thickness has two attributes: 
the magnitude and the gradient, as shown in Figure 2-8. The magnitude of the 
circumferential stress depends on the stiffness of the tissue, and the circumferential 
stretch from the stress-free configuration. The gradient of the circumferential stress 
depends on the local curvature of the circumference in each layer in the stress-free 
configuration. By contrast, the layer-aggregated model had similar, continuous 
gradients for the intima, media and adventitia over the entire wall thickness in the 
stress-free configuration. 
The circumferential stress tends to be homogenised across the wall thickness in 
an ideal model in which the artery is a homogeneous material; the stress-free state is 
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expressed with a single parameter, OA (Chuong and Fung, 1986). Conversely, in actual 
arteries, the material properties vary over the wall thickness, and the curvature changes 
along the circumference; atherosclerosis is an extreme case (Teng et al., 2010). Intimal 
thickening increases the compressive residual stress in the intima and consequently 
changes the positive gradient of stress toward a negative one under physiological load. 
Peterson and Okamoto (2000) showed that an increase in OA changes the 
gradient of circumferential stress from negative to positive for rabbit carotid artery. 
Hayashi et al. (2001) reported a positive gradient for the intima-media and a negative 
one for the adventitia for a two-layer model of porcine carotid artery and a negative 
gradient for a homogeneous single-layer model, incorporating the OAs of the layers. 
The correlation of the sign of the stress gradient with the relative value of the curvature 
(corresponding OA) in Figures 2-7 and 2-8 is in accordance with Peterson and Okamoto 
(2000). The stress gradient takes a positive or negative value depending on the above-
mentioned relative value of the curvature; a positive gradient is consistent with Hayashi 
et al. (2001) and a negative gradient is consistent with reports on canine and rabbit 
arteries (Von Maltzahn et al., 1981; Rachev, 1997; Holzapfel et al., 2000). 
2.4.2 Effect of layer-specific residual stress/strain 
To the best of our knowledge, this is the first FE study of arterial segments to model the 
three layers by separating them to release residual stress. Holzapfel and Ogden (2010) 
pointed out the importance of using the stress-released geometry of the three layers. The 
FE results reflect layer-specific stress-released geometries and mechanical properties. 
Compared with the single- or two-layer models reported previously, our three-layer 
separated model of an artery provides a more detailed stress field. 
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Matsumoto et al. (2004) reported an FE analysis of the distribution of residual 
stress in the elastic lamina and smooth muscle-rich layer of porcine aorta, taking into 
account the repeated structure at a microscopic level. For large elastic arteries with 
repeated structural features in the media, incorporating both the microscopic structure 
and layer-specific characteristics is expected to enhance the accuracy of the arterial 
stress analysis. 
Each arterial wall experiences a unique environment and undergoes remodelling, 
which results in unique morphological and mechanical characteristics. Such variation 
causes various curvatures or OA for each layer specimen. For a CCA from a 62-year-
old frozen for 9 days, we obtained OAs of 135° (imi), 109° (ma), and –1° (a) for a layer-
separated case, and 83° (entire wall) for a layer-aggregated case. The OAs of 83° (the 
above value) and 68° (the value in this study) in layer-aggregated case human CCA 
model were in the range of scattered OAs for human coronary arteries in the elderly 
(Valenta, et al., 2002). 
Layer-specific OAs vary more than the entire wall. For human abdominal aortic 
samples in Holzapfel et al. (2007), scattered OAs of 22° (intima), 285° (media), and 
169° (adventitia) were observed, as well as a variety of curvatures along the 
circumference of individual layers. 
2.4.3 Choice of the constitutive equation for materials 
We attempted to determine the material constants using a generalised Moony–Rivlin 
model of second-order form: 
          
2 2
10 1 01 2 20 1 11 1 2 02 23 3 3 3 3 3W C I C I C I C I I C I                   (2-10) 
where I2 is the second invariant of the right Cauchy–Green deformation tensor. We 
could not fit the stress–strain curve for adventitia due to its high nonlinearity. Vito and 
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Hickey (1980) used a fourth-order form of a reduced polynomial model to describe the 
deformation of an arterial wall. Therefore, we used a fourth-order form for the 
adventitia and a third-order for the other layers. 
2.4.4 Limitations 
We neither investigated nor incorporated anisotropy of the nonlinear elasticity of the 
arterial wall (Kural et al., 2012; Sommer and Holzapfel, 2012). We also did not 
consider mechanical interactions between blood flow and motion of the vascular wall 
(Kock et al., 2008). These remain areas for future work. It should also be noted that our 
modelling is applicable to an arterial wall that has a thick intima, such as is typically 
found in the elderly, and may not be directly applicable to arteries from younger people, 
which have a thinner intima. Another limitation of this study is that the different 
curvatures of the separated media layers, ma and mi, in the layer-separated model result 
in discontinuous stress at the interface, although it is over the same homogenised media 
material. 
Although we present a novel technique to incorporate the effect of intimal wall 
thickening (remodelling), the effects of storage period on the accuracies of the residual 
and physiological stress distributions remain to be investigated. Regarding the effect of 
storage period on the uniaxial deformation behaviour, Yamada et al. (2015) showed the 
uniaxial stress–strain curves for human ascending aorta (control specimens in Table 1 
and Fig. 4) that had been stored 1–123 days and found no correlation between the 
storage period and wall distensibility in the stress range of 0–50 kPa. 
 
2.5 CONCLUSIONS 
We carried out FE modelling of an arterial wall segment from a common carotid artery 
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of an elderly with physiological intimal thickening, using layer-specific stress-free 
geometries and nonlinear stress–strain relationships of three wall layers. Distribution of 
stress under in vivo conditions showed the dependency of radial gradient and level of 
circumferential stress on layer and circumferential location. By separating the arterial 
wall into three layers, we elucidated the mechanical response of intimal layer, which 
reflects the location-dependent intimal remodelling in elderlies.  
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TABLES 
 
Table 2-1. Computational models of the arterial walls in literature which incorporate 
multi layers, stress-free configurations or subject-specific geometries 
Authors 
(year) 
Geometry 
[Deformation 
type] 
Structure 
[Stress-free 
geometry] 
Material 
properties 
Boundary 
conditions 
von 
Maltzahn 
et al. (1981) 
Cylinder 
[axisym.] 
2 Ls (MD & 
AD) 
Isotropic 
(MD), 
anisotropic 
(AD) 
 
Chuong et 
al. (1986) 
Cylinder 
[axisym.] 
1 L [OA] Isotropic  
Delfino et 
al. (1997) 
Bilateral, 
bifurcated 
1 L [OAs along 
flow axis] 
Isotropic 
10% longitud. 
stretch, IP 
16kPa 
Holzapfel 
et al. (2000) 
Cylinder 
[axisym.] 
2 Ls (MD & 
AD) 
Orthotropic 
layers 
 
Taber et al. 
(2001) 
Cylinder 
[axisym.] 
2 Ls [OA for 
each layer] 
Orthotropic  
Ohayon et 
al. (2007) 
2D FE model 
[2D] 
2 Ls [radial cut 
& separation] 
Isotropic IP 16kPa 
Holzapfel 
et al. (2010) 
Cylinder 
[axisym.] 
3 Ls [OAs] 
Isotropic 
layers 
 
Yamada et 
al. (2010) 
Ring-like FE 
model [2D] 
1 L [radial cut] Isotropic 
10% longitud. 
stretch, IP 
16kPa 
Sommer et 
al. (2012) 
Cylinder 
[axisym.] 
2 Ls  [OAs for 
IN-MD and AD] 
Isotropic or 
orthotropic 
 
Kural et al. 
(2012) 
3D (FSI) [3D] 
1 L  [clinical 
image] 
Transversel
y isotropic 
Pressure: 100 
kPa at inlet, 99 
kPa at outlet 
Current 
study 
Ring-like FE 
model [2D] 
3 Ls [radial cut 
& separation] 
Isotropic 
10% longitud. 
stretch, IP 
16kPa 
D: dimensional, L: layer, OA: opening angle, FSI: fluid-structure interaction, IP: 
intraluminal pressure, IN: intima, MD: media, AD: adventitia, FE: finite element, 
IVUS: intravascular ultra sound  
 26 
 
 
 
 
 
 
Table 2-2.  The dimensional changes in separated layers 
 
Length (mm) 
Elongation after separation 
(%)  
Layer Circumferential Longitudinal Circumferential Longitudinal 
Thickness 
(mm) 
imi. 
ma 
a 
17.94 
19.26 
21.84 
2.68 
2.75 
2.56 
-9.3 
2.6 
10.5 
-1.8 
0.7 
-6.2 
0.28 
0.52 
0.28 
 
 
 
Table 2-3.  Type and number of elements used in each finite element model 
Element Layer-separated model Layer-aggregated model 
Type C3D8RH C3D8RH 
Shape  linear hexahedral  linear hexahedral 
Number 8072 4522 
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FIGURES 
 
 
 
 
Figure 2-1. The procedure used for stress/strain analysis of an artery with intimal 
thickening, taking account of the layer-specific stress-released geometries and layer-
specific mechanical properties (Sp.: specimen, I.G.: initial geometry used in the model, 
M.C.: material constants, t: thickness, BCs: boundary conditions) 
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(a) 
 
(b) 
Figure 2-2.  FE model and photographic images of the separated layers imi, ma and a, as 
well as the histology of imi (a); layer-aggregated specimen opened with a radial cut and 
the FE model (b). 
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Figure 2-3. Experimental setup used for the uniaxial stretching tests. 
 
 
 
Figure 2-4. Comparisons of the relationships between the Cauchy stress and the 
nominal strain under uniaxial loading showing the experimental results and fitted data. 
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(a) 
 
 
(b) 
Figure 2-5. Strain distributions for the (a) layer-separated and (b) layer-aggregated 
models in the unloaded state. 
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(a) 
 
(b) 
Figure 2-6. Stress distributions under a longitudinal stretch of 1.1 and intraluminal 
pressure of 16 kPa for (a) layer-separated and (b) layer-aggregated models. 
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(a) 
 
 
(b) 
Figure 2-7. (a) The curvature (in mm-1) of the layers in the stress-free configuration at 
locations B, C and D in (a) layer-separated and (b) layer-aggregated models. 
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(a) 
 
 
(b) 
Figure 2-8. The stress distributions under a longitudinal stretch of 1.1 and an 
intraluminal pressure of 16 kPa for the model with intact layers. 
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3. Deformation behaviour of the fibrous cap with 
presence of calcification in human atherosclerotic 
plaques  
ABSTRACT 
The extent of deformation in fibrous cap, which is more deformable than calcified 
regions, is unknown with the presence of calcification. In this study, we obtained eight 
human thoracic aortic walls samples at autopsy, seven of which had 
calcified/noncalcified plaques and one normal control specimen, and investigated the 
correlation between deformation behaviour of luminal surface and presence of 
calcification. We cut out rectangular specimens containing a plaque and uniaxially 
stretched them in circumferential direction. We then decalcified and formalin-fixed the 
specimens and cut them into same-width circumferential segments.  In order to evaluate 
deformation and strain fields over the luminal surface, we applied a digital image 
correlation (DIC) technique to the scattered black spots which we produced on the 
surface before the stretching test.  DIC was performed at average applied strains of 4-
5% in circumferential direction over analysed area. In order to identify the presence and 
profile of calcification, computed tomography (CT) scanning was carried out (three 
calcified and two noncalcified). We used cross sectional CT images with the 
photographic images of formalin-fixed cut segments to measure the distance of 
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calcification from lumen at the location of minimum strain on the segment. Histological 
observations were performed on these segments to identify the location of calcification 
from its remnant and to measure its luminal distance for validation of CT-measured 
distance.   
Two plaques with superficial calcification (10 – 20 m off the lumen) had an 
undeformed region in fibrous cap surface over calcification. Another calcified plaque 
with calcification in lipid core (496 m off the lumen) had minimum strain of 0.006, 
while the two noncalcified plaques had minimum strains of 0.004 and two had 0.008. 
These suggest that the local deformation of the luminal surface is completely restricted 
in cases where fibrous cap has superficial calcified nodule. The minimum strain for 
cases where calcification was deep in fibrous cap or in the lipid core was similar to the 
minimum strain observed in noncalcified plaques. These deformational characteristics 
may facilitate better understanding of calcified plaques, aiding diagnosis using medical 
imaging techniques. 
                                                                                   Esmaeili Monir et al., 2016b 
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3.1 INTRODUCTION 
Atherosclerosis is a leading cause of mortality worldwide (Mathers and Loncar, 2005). 
An advanced atherosclerotic plaque has a stiff fibrous cap which is often calcified. 
Images of atherosclerotic plaques provide information that aids assessment of the 
severity of the plaque (Thompson and Stanford, 2004). Strain analysis may be a useful 
tool to improve our understanding of these calcified plaques in image-based diagnoses 
by medical doctors (Nederveen, et al., 2014).  
From a mechanical perspective, vulnerable plaques have been associated with a 
thin fibrous cap (Loree et al., 1992), large lipid pool (Kiousis et al., 2009; Tang et al., 
2004a) and calcification (Buffinton and Ebenstein, 2014; Li et al., 2007). These regional 
abnormalities in morphology and mechanical properties are key factors in causing the 
plaque vulnerability (Finet et al., 2007; Lee et al., 1991; Tang et al., 2004a). 
In numerical studies stress has been measured to assess the effect of calcification 
on the fibrous cap (Huang et al., 2001; Tang et al., 2004b; Li et al., 2007). Li et al. 
(2007) observed a 47.5% increase in stress with a presence of a calcified region in the 
fibrous cap; no increase in stress was observed in the fibrous cap with a calcified region 
that was either far from the lumen or within the lipid core (Huang et al., 2001; Li et al., 
2007). The stress depends on the size and location of the calcification (fibrous cap or 
lipid core) (Tang et al., 2004b). Although numerical analyses have incorporated 
geometric and mechanical properties of components (i.e., fibrous cap, lipid core, and 
normal vascular wall), force transmission conditions between these components have 
not been fully elucidated.  
Experimental studies have measured strain to make the aforementioned 
assessment (de Korte et al., 2002; Boekhoven et al., 2014; Nederveen, et al., 2014). de 
Korte et al. (2002) performed intravascular elastography on patients' coronary arteries 
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and obtained an average value of 0.0020 for the radial strain in the case of a calcified 
plaque, and 0.0051 for noncalcified tissue during a pressure cycle. Boekhoven et al. 
(2014) used ultrasound imaging of human carotid endarterectomy samples under 
inflation and observed lower strain for highly calcified plaques. Nederveen et al. (2014) 
conducted MR imaging, which is a promising technique for measuring the strain in 
plaques. Although these measures provide valuable information in practice, we need to 
establish the basic relationships between the strain and the tissue conditions under 
controlled conditions to improve understanding. 
In this study, we investigated the deformation characteristics of the luminal 
surface of the fibrous cap by correlating them with the presence of calcification in the 
fibrous cap and the lipid core. For this purpose, we detected calcification by X-ray 
computed tomography (CT) scanning. We conducted uniaxial stretching tests for 
specimens with scattered spots on the surface and reproduced the luminal strain 
distribution by digital image correlation (DIC). We also identified the distance from the 
lumen to the calcified region on CT, and the location of the remnants of calcification by 
histological examination. 
 
3.2 MATERIALS AND METHOD 
This study was approved by the ethics committees of Fukuoka University Hospital and 
Japanese Red Cross Fukuoka Hospital. 
3.2.1 Specimen preparation 
We obtained eight thoracic aortic specimens from cadavers at autopsy (See Table 3-1) 
to ensure that the specimens would be sufficiently large to guarantee accurate strain 
measurements. These eight specimens were the ones that were successfully tested and 
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analysed from total of 15 aortic wall samples. The specimens were stored in a freezer at 
–40°C for 13.75 ± 14.05 days (mean ± standard deviation [S.D.]). Each specimen was 
thawed in physiological saline at room temperature and the adventitial layer was 
removed. Then, we dissected the specimens into a rectangular shape of 25 mm by 20 
mm with a plaque located at its centre. Photographs were taken to measure the length, 
width and thickness. 
 
3.2.2 Identification of calcification by CT scanning  
Prior to the stretching test, we scanned specimens with a slice interval of 0.081 mm in 
the longitudinal direction of the aorta using a micro-CT scanner (SKYSCAN 1178; 
Bruker, Brussels, Belgium). The slice image resolution was 0.081 mm/pixel. Specimens 
were reconstructed in three dimensions using NRecon software (Bruker). 
3.2.3 Uniaxial stretching test 
Specimen margins were clamped at a width of 3.5 – 6.0 mm. Fine spots were scattered 
over the luminal surface of the specimen using a black water-based lacquer spray 
(Sunday Paint, Osaka, Japan). These spots were to be traced for strain analysis using the 
DIC technique. 
The experimental setup for the stretching test is shown in Fig. 3-1 (a). The 
specimen was placed in a saline bath, which was kept at a temperature of 37°C. Both 
clamps were displaced in the opposite directions by a pair of stepper motor-driven 
stages (SGSP20-20(X); Sigma Koki, Tokyo, Japan) at a speed of 1.5×10-4 m/s with a 
fine pitch of 0.008 μm/pulse. During stretching, distributed spots on the luminal surface 
were traced at 3 frames/s with a digital camera (60D; Canon, Tokyo, Japan) equipped 
with a macro lens (Compact-Macro lens EF 50 mm; Canon). The resolution of 
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photographic images was set to ~0.01 mm/pixel. A side view of the specimen was 
video-recorded simultaneously by another digital camera (camera 2) at 30 frames/s (see 
Fig 3-1 (b)). 
We preconditioned the specimens by six cycles of circumferential stretching 
with a strain of 0.1 and a strain rate of 0.01/s to stabilize the deformation behaviour 
under cyclic stretching, taking care to avoid mechanical damage. The specimens were 
then stretched monotonically up to a strain of 0.3 or 0.4 at a strain rate of 0.01/s. 
3.2.4 Strain evaluation using digital image correlation technique 
The time history of clamp-to-clamp distance was measured by tracing two or three pairs 
of spots on the clamps in successive images during stretching using DIPP Motion Pro 
2.2 software (Ditect, Tokyo, Japan). A reference state of strain was determined as that 
in a no-slack length of the specimen for a series of side-view video frames under 
stretching. 
Vic-2D software (Correlated Solutions, Irmo, SC) was used for specimens at 
clamp-to-clamp strains of approximately 0.05 so that there was no discontinuous 
displacement over the surface of interest, and maps of two-dimensional (2D) 
displacements and strains were estimated at grid points with an interval of 10 pixels. In 
DIC, pattern recognition was carried out for squares of 51 × 51 pixels (between 0.55 × 
0.55 mm and 0.64 × 0.64 mm) with a displacement sensitivity of 0.01 pixels (1×10-4 
mm). 
3.2.5 Histological observation and identifying location and depth of 
calcification 
Each specimen was decalcified in a mixture of 50% formic acid and 20% sodium citrate 
at room temperature overnight. Specimens were then fixed in a solution of 10% 
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formalin in 0.1 N phosphate buffer (pH 7.4) for a few days at room temperature. Each 
specimen was cut circumferentially into 8 – 9 strips with a thickness of 2 – 3 mm. 
Photographic images were taken of all cross-sections after cutting (See Fig. 3-6). 
Hematoxylin and eosin (H&E) staining was performed on three middle cross-
sections to identify remnants of calcification microscopically using NDP.view software 
(Hamamatsu Photonics, Hamamatsu, Japan). Picrosirius red staining and Movat’s 
staining were also performed to observe collagen and elastin, respectively. 
3.2.6 Identifying calcification’s geometry in circumferential cuts 
A cross-sectional photograph was chosen and then a sliced CT image was identified to 
be located at the same position. The cross-sectional profile of a specimen on the CT 
image was detected using the “find edge” function in ImageJ 1.48 (NIH, Bethesda, MD). 
To identify the profile of calcified regions on CT images, a threshold was determined as 
the middle value of intensities in noncalcified and calcified regions. Specimens with 
calcified regions were visualized three-dimensionally using the 3D viewer plug-in in 
ImageJ, and a luminal view of calcified region was obtained using the “take snapshot” 
command.  
Profiles of formalin-fixed cross-sectioned specimens in photographic images 
were traced manually to extract them with the smooth tracing function in the 
geometrical modelling software, Rhinoceros 4.0 (Robert McNeel & Associates, Seattle, 
U.S.A.). Circumferential length and radial thickness of these profiles were adjusted 
independently to overlap with the plaque region in the CT slice image. 
Using Igor Pro 6.3 (WaveMetrics, Lake Oswego, U.S.A.), contours were drawn 
for distributions of displacement and strain on the luminal surface at a single clamp-to-
clamp strain, which ranged from 0.0467 to 0.0521, with projection of a snapshot of 
 41 
 
calcified regions on the contour maps. Then, minimum strains were found and 
compared among calcified plaque specimens, noncalcified plaque specimens and a 
plaque-free control specimen. 
 
3.3 RESULTS 
We have presented and discussed the results of only two of the noncalcified specimens, 
i.e. NC1 and NC2 in this chapter. 
 
3.3.1 Classification of specimens based on CT results 
Three out of the five atherosclerotic specimens obtained during autopsy were identified 
as calcified on CT. Figure 3-2 shows the distributions of intensity for calcified specimen, 
C3 and a plaque-free control specimen, N along a horizontal line in a cross-sectional CT 
image. The intensity of the noncalcified and plaque-free control specimens was 46 on 
average, while the intensity of calcified specimens was saturated at 254 in some areas. 
We took the middle value of 150 as the threshold for calcified regions. 
3.3.2 Distribution of displacement and strain on luminal surface 
Figure 3-3 shows photographs of the luminal surface in calcified plaque specimens C1, 
C2 and C3, noncalcified plaque specimens NC1 and NC2, and the plaque-free control 
specimen N. The central rectangles indicate the regions used for estimating the 
displacement and strain by DIC, and hatched regions were clamped in the stretching test. 
Horizontal and vertical directions correspond to circumferential and longitudinal 
directions of the aorta, respectively. The specimens were stretched with a maximum 
clamp-to-clamp strain of 0.4 (specimen C2) or 0.3 (other specimens). DIC analysis was 
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conducted to obtain contours of displacement and strain from a photographic image at a 
single applied strain between 0.039 and 0.055 for each specimen. 
Figure 3-4 shows the contours of displacement in the stretching direction on the 
luminal surface of six specimens. The plaque regions did not deform as much as 
surrounding non-plaque regions, resulting in sparse contours under stretching. Due to 
nonuniform deformations, some contours were not perpendicular to the stretching 
direction, and the displacement in the stretching direction varied transversely.  
Figure 3-5 shows the contours of normal strain in the stretching direction on the 
luminal surface for all specimens. The applied strain for the rectangular region shown in 
Figure 3-3 was 0.049 (0.046 – 0.052) for specimen C1, 0.045(0.039 – 0.050) for C2, 
0.039 (0.026 – 0.054) for C3, 0.049 (0.047 – 0.051) for NC1, and 0.055 (0.051 – 0.056) 
for NC2, on average (range shown on the transverse axis). The minimum strain on the 
luminal surface was 0.000, indicated by an arrow, for calcified specimens C1and C2, 
0.006 for C3, and 0.004 and 0.008 for noncalcified specimens NC1 and NC2, 
respectively. The total luminal areas with strain < 0.005 were 23.27, 12.85 and 1.64 
mm2 for C1, C2 and NC1, respectively. These areas covered 71%, 37% and 0% of the 
projections of calcified regions in C1, C2 and C3, respectively. 
3.3.3 Boundary of calcified cross sections and location/depth of 
calcification at the location of minimum luminal strain 
Figure 3-7 shows cross-sectional profiles of specimens and calcified regions at three 
cross-sections of C1 and C2 and a single one of C3, identifying the distance from the 
lumen to the calcified region using a pair of CT and photographic images. Figure 7-7(a) 
shows CT scanned images of the cross-section at transverse locations of 7.99, 10.43, 
and 12.65 mm (specimen C1), 5.50, 8.13, and 11.00 mm (C2), and 6.05 mm (C3). 
Figure 3-7(b) shows profiles of specimens and calcified regions in CT images 
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overlapped with size-adjusted profiles in cross-sectional photographic images of 
formalin-fixed specimens. Figure 3-7(c) shows profiles of calcified regions extracted 
from the CT image in Fig. 3-7(b) overlapped with the size-adjusted profiles in 
photographic image. Based on this figure, the distance from the lumen to the calcified 
region was measured at the location of minimum strain, denoted by an arrow. For C1-1 
to C3-1, theses distances were, 0.02, 0.01, 1.36, 0.49, 0.58, 0.22 and 0.50 mm, 
respectively. Figure 3-7(d) shows the amounts of magnification in vertical and 
horizontal directions for size adjustment for both Fig. 3-7(b) and (c). 
Figure 3-7(e) shows H&E-stained images of cross-sections, with the distances of 
the remnants of calcification from the lumen indicated by a vertical line segment. The 
distance was measured from the location of minimum strain, which was denoted by an 
arrow in Fig. 3-7(c). At these locations, the fibrous cap was calcified in C1-1, C1-2 and 
C2-1, while calcified regions in other cross sections were located in the lipid core. The 
zero strain, indicated by an arrow in specimen C2 in Fig. 3-5, was 0.85 mm from the 
cross-section C2-3, and the top of the calcified region was 20 μm higher than that in the 
cross-section C2-3. Table 3-2 summarizes the minimum strain values measured for the 
various types of specimens. Two calcified specimens had strain values of zero, while 
the other atherosclerotic specimens had strain values ranging from 0.0036 to 0.0081. 
Figure 3-8 shows the histology of luminal regions of calcification in the plaque, 
noncalcified region of the plaque, and plaque-free area at the cross-section C1-2. The 
plaque showed an increase in collagen (A, B) and decrease in elastin (D, E) in both 
calcified and noncalcified regions compared to the intima of the plaque-free area (C, F) 
3.3.4 Comparison between minimum strain at chosen cross sectional cuts 
of all specimens 
Figure 3-9(a) compares minimum normal strain for cross-sections of C1-1 to C1-3, C2-
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1 to C2-3 and C3-1 in calcified specimens in the stretching direction with an applied 
strain of 0.04. Measured minimum strains were transformed so that the calculated 
minimum strain was proportional to the applied strain of 0.04. Among the three cross-
sections with calcification in the fibrous cap, minimum strain on the luminal surface 
was 0.00014 in C1-1, 0.00015 in C1-2, and 0.0027 in C2-1. For the remaining cross-
sections with calcification in the lipid core (C1-3, C2-2, C2-3, and C3-1), minimum 
strain values were 0.0026, 0.0030, 0.0015, and 0.0236, respectively. 
 
3.4 DISCUSSION 
3.4.1 Distensibility of calcified region 
A value of zero for the strain on the surface of a calcified fibrous cap must be attributed 
to extremely stiff calcified tissue. Ebenstein et al. (2009) conducted nano-indentation 
tests on calcified samples and obtained a Young’s modulus of 690 ± 2300 MPa (mean ± 
S.D.). Richardson (2002) reported that deformation was suppressed when the calcified 
region strongly adhered to the surrounding tissue. Such a severe lack of distensibility 
may increase the risk of rupture in response to applied inflation during angioplasty 
(Fayad and Fuster, 2001).  
3.4.2 Strain in calcified and non-calcified plaques 
We obtained the luminal strain values of the plaque specimens and correlated the 
minimal luminal strain values with the presence of calcification. Zero strain was 
observed on the fibrous cap with calcification near its surface. The minimal strain value 
when calcification was present in the lipid core was comparable to that for noncalcified 
specimens. These strain values (i.e., zero strain for calcification in the fibrous cap, 
specimens C1 and C2; and strain similar to noncalcified plaque for calcification in the 
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lipid core, C3) for thoracic aorta are consistent with those for coronary and carotid 
arteries described in the literature (de Korte et al., 2002; Boekhoven et al., 2014). de 
Korte et al. (2002) measured radial mean strain over cardiac cycles using intravascular 
elastography for coronary arteries, while we measured the circumferential strain on the 
luminal surface of the aorta. This circumferential strain can be correlated directly with 
the stiffness of the fibrous cap because the plaque cap is stretched along the luminal 
surface by blood pressure. 
3.4.3 Force transmission between plaque components 
With regard to the effect of calcification on advanced atherosclerotic plaques, FE 
analyses assume that force is transmitted fully at the interface of the fibrous cap and 
lipid core (Huang et al., 2001; Tang et al., 2004b; Li et al., 2007). Our results show that 
in the case of calcification in the lipid core, the luminal strain was comparable to that 
for noncalcified plaques. In the stretching test of arterial wall specimens with plaques, 
therefore, it is not necessary to estimate the degree of force transmission in and at the 
interfaces of tissue materials. 
3.4.4 Validation of the depth measured from CT scan 
We compared the distances measured by CT scans with the distances measured using 
histological images. The distances from the lumen to remnants of calcification were 
obtained from H&E-stained images, shown in Fig. 3-7(e) by vertical line segments. The 
distance was measured from the location of the minimum measured strain, which is 
denoted by an arrow in Fig. 3-7(c). At these locations, the fibrous cap was calcified at 
distances 69.1, 7.72 and 232 μm away from the lumen for C1-1, C1-2 and C2-1, 
respectively. Figure 3-10 shows the relationship between the distance from the lumen to 
the calcified region measured using CT images, and the distance to remnants of 
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calcification measured using histological images. The Pearson product-moment 
correlation coefficient of the regression line was 0.93 (p = 0.01). 
3.4.5 Limitations 
The uniaxial stretching test on flat specimens took into account neither the distribution 
of the strain and the residual strain across the thickness of neither the arterial wall, nor 
the physiological loading conditions over cardiac cycles. 
We obtained 2D photo images to measure the strain of the luminal surface and 
conducted 2D DIC analysis to obtain values for the stiffness of the material. For some 
plaques with a bulge, one needs to distinguish between the effects of material stiffness 
and the effects of the geometry of the bulge on the strain. The use of 3D measurement 
and analysis of the strain can help with the identification of both of these effects and the 
evaluation of the surface strains along the edges of bulges or plaque shoulders, at the 
level of the flat surface of the specimen. For this reason, we did not evaluate the peak 
strain in plaque shoulders. 
 
3.5 CONCLUSIONS 
We investigated the correlation between deformation behaviour of a plaque’s luminal 
surface and presence of calcium in circumferentially stretched human thoracic aortas. 
We used DIC technique to evaluate luminal strain field and determined minimum strain 
over the fibrous cap surface with applied strains of 4-5%. We CT scanned the 
specimens before stretching tests to determine the presence and profile of calcification. 
We used the cross-sectional images from CT and photographic images of formalin-
fixed specimens to measure the distance of calcification from lumen at the location of 
minimum strains. We also identified the location of the remnants of calcification by 
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histological observations, and validated the measured distances from CT. 
The fibrous cap underwent no deformation in the case that calcification was 
superficial and close to lumen. This lack of distensibility must be resulted from the 
fibrous cap being severely stiffened by calcification. The minimum strain for cases that 
calcification was deep in the lipid core was similar to the minimum strain observed in 
noncalcified plaques. These deformational characteristics facilitate diagnosis of arterial 
plaques using medical imaging techniques.  
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TABLES 
 
 
 
Table 3-1. Specimens and calcification of plaques. 
ID Gender Age 
Frozen 
period 
(days) 
Calcification 
of plaque* 
Volume of 
calcification 
(mm3)* 
C1 M 65 6 Calcified 17.5 
C2 F 82 11 Calcified 12 
C3 M 67 7 Calcified 3.2 
NC1 M 84 4 Noncalcified 
 
NC2 
NC3 
NC4 
M 
F 
F 
65 
84 
82 
6 
50 
14 
Noncalcified 
Noncalcified 
Noncalcified 
N M 84 12 No plaque 
* Calcifications and volumes were identified from CT images 
 
 
 
Table 3-2. Comparison of minimum normal strain among various types of specimens. 
Specimen type Plaque type Calcified region ID Minimum strain 
 
 
Atheromatous 
 
Calcified Fibrous cap 
C1 0.0000 
C2 0.0000 
Lipid core C3 0.0060 
Noncalcified 
 NC1 0.0036 
NC2 0.0081 
NC3 0.0041 
NC4 0.0080 
Normal   N 0.0230 
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FIGURES 
 
 
 
(a) 
 
 
(b) 
Figure 3-1. Experimental setup of the stretching test (a); the clamped specimen and the 
position of the digital cameras. 
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Figure 3-2.  Distributions of intensity along a horizontal line in a CT slice image of 
calcified specimen (C3) and plaque-free control specimen (N). The dashed line 
indicates the average intensity of noncalcified specimens, NC1 and NC2, and the 
plaque-free control specimen, N. 
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Figure 3-3. Photographic images of luminal surface in six specimens. C1, C2 and C3 
had calcified plaques. NC1 and NC2 had noncalcified plaques. N was a plaque-free 
control. Rectangles indicate regions for estimating the displacement and strain by DIC. 
Hatched regions were clamped in the stretching test. 
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Figure 3-4. Contours of displacement in the stretching direction on the luminal surface. 
Specimens were stretched by 3.9%–5.5% on average in the horizontal direction. 
Horizontal and vertical axes denote the locations. The units of contours and axes are in 
mm. 
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Figure 3-5. Contours of normal strain in the stretching direction on the luminal surface 
determined by DIC analysis. Specimens were stretched as described in Fig. 3-4. Grey 
areas indicate projections of calcified regions. Contours are displayed by thick and thin 
alternating lines at strain levels from 0.00 to 0.09 with intervals of 0.01, and at 0.005 by 
the dashed line. Arrows indicate the locations of zero strain. The horizontal and vertical 
axes show the circumferential and longitudinal coordinates of the aorta, respectively, in 
units of mm. 
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Figure 3-6. Decalcified, formalin fixed and cut specimen after stretching test (left); 
Cross sectional view of the cut surfaces (middle) and the histology of the chosen 
specimens (right).   
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Figure 3-7. Identification of calcified regions in cross-sectional CT and histological 
images. Original cross-sectional CT images are shown in (a), and thresholded calcified 
regions with emphasis of their edges are shown in (b). Manually extracted profiles from 
photographic images of fixed histological specimens were adjusted with horizontal and 
vertical magnifications, as listed in (d), to match the CT images in (b). The edges of 
calcified regions were overlapped with the size-adjusted specimens in (c) to measure the 
distance from the lumen to the edge. HE-stained cross-sections in (e) were used to 
measure the distance from the lumen to the remnant of calcification at the location of 
minimum strain, indicated by an arrow in (c). 
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Figure 3-8. Representative photomicrographs of the aorta. Luminal region of 
calcification (*) in the plaque (A & D),noncalcified region of the plaque (B & E), and 
plaque-free area (C & F). I: Intima; M: Media. A, B, C: Picrosirius red staining; D, E, F: 
Modified Movat staining; Bar = 0.2 mm.  
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(a)                                                              (b) 
Figure 3-9. (a) Comparison of minimum normal strain in the stretching direction on the 
luminal surface at transverse positions with an applied strain of 0.04 among calcified 
specimens (C1, C2 and C3); (b) Close up view of the two specimens that had strain 
measurements close to zero in (a); FC and LC refer to calcification in the fibrous cap 
and the lipid core, respectively. 
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Figure 3-10. The relationship between the distances of the calcification from the lumen 
measured on both CT images and histological images at the location of minimum strain. 
(The symbols are the same as in Fig. 3-8) 
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4. Post-rupture deformation behaviour of a human 
atherosclerotic carotid artery: A comparison between 
ruptured and unruptured plaque’s deformation 
ABSTRACT 
Ultrasonographic imaging demonstrates a ruptured plaque with haemorrhage, i.e., blood 
entering the lipid core. However, the mechanism of the deformation in plaques has not 
been revealed yet. The purpose of this study was to investigate if the filling of the lipid 
core with blood causes an inward deformation of the fibrous cap or not. We created a 
finite element (FE) model of a carotid artery at bifurcation with a ruptured plaque based 
on the geometry of a sample obtained from carotid endarterectomy (CEA), where lipid 
core region was connected to lumen. In this model, pressure on the wall and lipid core 
region and a constant longitudinal stretch were assigned as boundary conditions to 
obtain the luminal profile of the plaque under physiological loadings.  In order to obtain 
the pressure drop due to the blood flow, we created a CFD model of the lumen and lipid 
core both of which were connected through the ruptured region. We also created an FE 
model of carotid artery with an unruptured plaque by filling the lipid core cavity using 
lipid material.  
Results from the analysis of the ruptured model showed a deflection of the 
fibrous cap towards lumen; however the extent of the deformation was less than what 
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observed in the ultrasonographic imaging. The unruptured plaque deformed to a 
concave shape and was less stenotic, with a pressure of <2 kPa in the lipid core. These 
results suggest that rupture-induced pressure in lipid core, as a result of blood entering 
the lipid core, causes the artery to be more stenotic and the fibrous cap to deform 
towards lumen and have a convex shape. Our results provide a better understanding of 
the plaque’s post-rupture behaviour which may facilitate identification of ruptured 
plaques with intraplaque haemorrhage by medical imaging. 
                                                                                     Esmaeili Monir et al., 2017 
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4.1 INTRODUCTION 
Rupture of atheromatous plaques in carotid arteries is a cause of cerebrovascular events 
(Choy et al., 2004). Among the determinants of the risk of stroke are the degree of 
stenosis and the morphology of plaques surface as being ulcerated and irregular 
(European Carotid Surgery Trialists, 1991; Rothwell et al., 2000; Lovett et al., 2004; 
Prati et al. 2011). Stenosis disrupts wall motion and blood flow which may enhance 
plaque cap rupture (Binns and Ku, 1989; Tang et al. 2001). It has been shown that 
plaque surface morphology on carotid angiography is a highly sensitive marker of 
plaque instability (Lovett et al., 2004). However, the relationship between the luminal 
shapes of the carotid plaque and plaque rupture has not been established yet. 
The vulnerable plaque is associated with a large lipid core and a thin fibrous cap 
(Li et al., 2008; Falk et al., 1995; Naghavi, et al., 2003; Davies, 1996). Lipid core region 
mainly consists of extracellular lipid and dead macrophage foam cells (Ball et al., 1995). 
Rupture of fibrous cap may cause blood to permeate the loose structure of lipid, 
circulate in the lipid core cavity and cause inflation of plaque (Davies, 1994).  
Yamada and Sakata (2013) reproduced a segment of an atheromatous carotid 
artery with a concave shape of the fibrous cap and investigated the pressure level in a 
liquid-like lipid core. They found that the pressure in lipid core was much smaller than 
intraluminal pressure (<2 kPa pressure in lipid core vs. intraluminal pressure of 16 kPa). 
On the other hand, as a case of ruptured plaque, we observed a carotid atheromatous 
plaque with a convex fibrous cap (deflected inward) during ultrasonography of a patient. 
Our purpose in this study was to investigate the post-rupture deformation of a plaque 
and to see whether an increase of pressure in the lipid core, as a result of the rupture, 
causes the inward deformation of the fibrous cap or not. 
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We incorporated in vivo ultrasonography images of a carotid artery at 
bifurcation before carotid endarterectomy (CEA), images of the intimal layer obtained 
from CEA and histological observations and created a finite element (FE) model of the 
arterial wall with a ruptured fibrous cap. We compared the deformed geometries 
obtained from FE analysis with the in vivo observations and the results of an FE 
analysis representing a carotid artery with an unruptured plaque. 
 
4.2 MATERIALS AND METHOD 
This study was approved by the Research Ethics Committee of University Hospital, 
Fukuoka University and an informed consent was obtained from each patient. 
4.2.1 In vivo ultrasonography and specimen preparation  
We observed ultrasonographic images on short and long axes views for the right carotid 
artery in a 74-year-of-age male with 70% carotid artery stenosis from (See Fig. 4-1(a), 
(b)). Then we conducted CEA to remove the intimal layer at bifurcation. The CEA 
tissue sample was fixed in 10% formalin in 0.1 N phosphate buffer (PH 7.4) within 24 
hours, and cut circumferentially into different segments. Figure 4-1(c) shows the 
formalin-fixed intimal layer obtained by CEA. The cross-sectional view of the cut 
segments are shown in Fig. 4-1(d).  
4.2.2 Histological observation 
We performed histological observation on all of the segments after paraffin sections 
were made, identifying vascular wall, lipid material and red blood cells in the lipid core. 
Figure 4-2 represents the histological observations from Masson trichrome staining for 
the cut segments No. 5 to 7 in Fig. 4-1(d). 
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4.2.3 Finite element modelling of the carotid artery with a ruptured 
plaque 
We created an FE model of the carotid artery with its ruptured plaque (ruptured model), 
obtained from CEA where the lipid core was connected to lumen due to a rupture of the 
fibrous cap. We also created another FE model representing a carotid artery at 
bifurcation with an unruptured plaque for comparison (unruptured model). Below, the 
geometry, constitutive equations and boundary conditions used in these FE models are 
explained in details.  
4.2.3.1 Geometrical reconstruction of the arterial wall 
We created three-dimensional geometries for the vascular wall and the lipid core in 
Rhinoceros 4.0 (Robert McNeel and Associates). Photo images of cut segments No. 1-5 
and 7 were imported to Rhinoceros. We then extracted the profile of the plaque regions 
for segments 2-5&7. The profile of the segment No. 1 and opposite side of the plaque 
region in segments No. 2-5&7 was assumed as a circular shape using the same 
circumferential length of those segments as shown in Fig. 4-3 (a). Theses profiles were 
positioned along the axial direction with the same intervals as indicated in Fig. 4-1(c). 
We then oriented these profiles so that the transverse-axis lines shown in Fig. 4-3 (a) 
were positioned on the same longitudinal plane. We added extra profiles for intimal 
wall to have normal regions at the proximal side of the common carotid artery (CCA), 
and the distal sides of internal carotid artery (ICA) and external carotid artery (ECA). In 
the transverse cross sections which had no segments from CEA, we assumed profiles 
for the lipid core by referring to the short-axis images of ultrasonography. The 
aforementioned profiles are illustrated in Fig. 4-3(b). The intimal wall at the proximal 
side of the segment No. 1 in the CCA was extended with the same. The bifurcation was 
placed between the segments No. 3 and No. 4 as was identified from the CEA sample. 
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The internal and external diameters of the intima in the normal (distal) sides of the ICA 
and the ECA were determined to match the ratio of the diameters of CCA, ICA and 
ECA in the long-axis CT image of the artery.  
We created three surface models for the lumen, intimal wall and lipid core using 
the function ‘loft’ in Rhinoceros. In order to create the arterial wall model from the 
intimal layer, we expanded the outer surface of the intimal wall. We assumed that the 
thickness of the arterial wall at the normal sides of the CCA and the ICA were 1.17 mm 
and 0.86 mm, respectively (Sommer et al., 2009). We also assumed that the ECA and 
the ICA had the same thickness at the normal sides. Thus the intimal surface was 
expanded to reach the aforementioned thicknesses at all sides. Finally, the 3-D 
geometry of the vascular wall and the lipid core were created based on these surfaces.  
We identified the location and size of the ruptured region using histology. 
Histology showed 1.55 mm-wide ruptured region at the fibrous cap in segment No. 4. 
This ruptured region was modeled as a circular cylinder of 1.55 mm in diameter at 
segment No. 4. For the ruptured model, we subtracted this cylinder from the wall to 
have a hole in fibrous cap, connecting the lumen to the lipid core region. The 
unruptured model did not have this hole in the fibrous cap. 
FE models for ruptured and unruptured plaques were created by importing the 3-
D geometries to Abaqus 6.14 (SIMULIA). The type and number of elements in each 
model is presented in Table 4-1. 
In the ruptured model, the lipid material was not used and atheroma was 
modelled as an empty space to model the blood-filled lipid core and to allow the 
volume change. However, in the unruptured model, the lipid material was used to 
prevent shrinkage of the volume of the lipid core and was merged with the vascular wall. 
A view-cut of the solid body and FE model of the carotid artery with a ruptured plaque 
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and carotid artery with an unruptured plaque are presented in Fig. 4-4(a) and Fig. 4-4(b), 
respectively.  
4.2.3.2 Constitutive equations 
We postulated incompressible, isotropic and homogenous hyperelastic materials for 
vascular wall and lipid core. For vascular wall including fibrous cap, Yamada and 
Sakata (2013) used a reduced polynomial hyperelastic material model which is 
expressed by a strain-energy density function: 
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where Ci (i = 1, 2, 3, 4, 5) are material constants, H is indeterminate pressure, J is the 
determinant of deformation gradient tensor. For the lipid core, we used a Neo-Hookean 
material model with a strain-energy density function as:  
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where C10 is material constant.  
The material constants in Eq. 4-1 and Eq. 4-2 are given by Yamada and Sakata 
(2013) as C1 = 2.16 kPa, C2 = 3.16 kPa, C3 = 232 kPa, C4 = 2.78 kPa and C5 = 3.07 kPa 
and C10 = 0.01 kPa.  
4.2.3.3 Boundary conditions  
In the ruptured model, we applied an axial stretch of 10% by applying displacement to 
the distal side of the ICA and ECA while fixing the proximal end of CCA. We also 
applied pressure on the luminal surface of the wall as well as the surface of the lipid 
core cavity. The pressure on the wall is not constant and drops along the longitudinal 
axis of the artery. This pressure drop is affected by the size and shape of stenosis, the 
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lumen diameter, blood viscosity, velocity, etc. (Young et al., 1975, Young and Tsai, 
1973a & 1973b, Tao et al., 2015). In order to evaluate the pressure level along the 
longitudinal axis and in the lipid core region in the ruptured case, we created a CFD 
model. We used the 3-D geometries of the lumen, lipid core region and the cylinder 
region to connect the lumen and the lipid core (see Fig. 4-5).  
Numerical and experimental studies have shown that in stenosed carotid arteries, 
flow in the post-stenotic region decelerates and tends to become unstable with 
separation, recirculation and experience transition to turbulence (Giddens et al., 1976, 
Ku, 1997, Steinman et al., 2000, Nguyen et al., 2008, Lee et al., 2008). Transitional 
turbulence flow models have been proposed to capture the flow patterns in moderate 
and severe stenosed carotid arteries (Tan et al., 2008).  Thus we used the RNG k-𝜀 
turbulence model in Abaqus CFD 6-14 which is a two-equation turbulence model for 
turbulence kinetic energy, k, and turbulence energy dissipation rate, 𝜀  (Dassault 
Systèmes, Abaqus Analysis User’s Guide 6.14). The k-𝜀  transport equations can be 
expressed as: 
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where the second and third terms on the right hand of these equations represents the 
production and dissipation of k and 𝜀, respectively. The symbols V, n, v, vm and 𝜌 
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represent an arbitrary control volume with surface area of S, outward normal to the S, 
velocity vector, velocity vector of a moving mesh and the fluid density, respectively. 
ij  is Reynolds stress tensor and can be expressed as: 
2 ( ),jiij T ij T
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                                                                                    (4-5) 
where ijS  is strain rate tensor. 
The turbulent viscosity, ,T is defined as: 
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and the variable 2C  is defined as 
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            C , 1C , 
~
2C ,  , k ,   and 0 are constant model coefficient with values 
of 0.085, 1.42, 1.68, 0.72, 0.72, 0.012 and 4.38, respectively.                                                               
In order to determine the inlet flow conditions for CFD analysis, the artery was 
assumed to be a smooth duct as was considered by Banks and Bressloff (2007). The 
inlet turbulent flow intensity, I, was then estimated using the following equation: 
 
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Re
HD
is the Reynolds number of the inlet flow which with the aforementioned 
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assumption can be derived as: 
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Where  , U and DCCA  are the dynamic viscosity, average inlet velocity and the inner 
diameter of the wall (CCA side), respectively. 
Initial values for k and 𝜀 can be estimated as: 
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respectively, where l is the turbulent length scale which in this case can be estimated as 
0.07 CCAl D .                                                                                                        (4-13) 
We used blood density of 1050 kg/m3 for 𝜌, dynamic viscosity of 3.5×10-3 Pa.s 
for  , kinematic viscosity of 3.3×10-6 m2/s for    and inlet velocity of 0.588 m/s for 
U (at the proximal side of the CCA). The inlet velocity, U, was calculated using the 
peak flow rate of 1100 ml/min given by Lee et al. (2008) for a stenosed carotid 
bifurcation and the area of the CCA at inlet. We also assumed zero pressure as reference 
at the distal sides of the ECA and the ICA.  
We divided the pressure on the surface of the model in results from the CFD 
analysis into 10 levels and mapped them on the luminal wall and the cavity wall of the 
lipid core in the ruptured FE model. The blood pressure of about 8-16 kPa was added to 
the pressure obtained from CFD analysis to make the pressure at the proximal end of 
the CCA as just 8 kPa to 16 kPa. 
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In the unruptured FE model, same pressure levels of the luminal wall as the 
ruptured FE model were used as boundary conditions. 
 
4.3 RESULTS 
4.3.1 Pressure on the arterial wall as boundary conditions 
The left panel in Fig. 4-6 shows the pressure drop in the CFD analysis. The applied 
pressure boundary condition at 16 kPa inlet pressure for the ruptured model as an 
example is shown in the right panel of Fig. 4-6. The maximum pressure loss was 1.1 
kPa at the most stenosed region. 
4.3.2 Stress distribution and plaque’s deformation in the ruptured model 
Figure 4-7 shows the distribution of maximum principal stress for 10% axial stretch, 8 
kPa and 16 kPa inlet pressures with a pressure drop as shown in the left panel of Fig. 4-
6. Representative long and short axis-views are also presented in this figure. The 
maximum principal stress was highest at the location of rupture. Some areas in the 
fibrous cap were subjected to compressive stress of < 12 kPa. The volume of the plaque 
increased, and the fibrous cap at the most stenosed region became a convex and bent 
toward the lumen in the short axis view.  
4.3.3 Comparison of the geometry of the plaque between in vivo image 
and FEA 
Figure 4-8(a) compares the profiles of the transverse cross section shown in Fig. 4-7 at 
the inlet intraluminal pressures of 8 and 16 kPa with in vivo images obtained by a short-
axis view of ultrasonography (diasolic and systolic phases). The shape of the fibrous 
cap from FE analysis was not so convexed as was observed in the ultrasonographic 
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images. The luminal area in the short-axis view was smaller in the FE results, while the 
lipid core area was larger, compared to in vivo images. Figure 4-8(b) represents the 
ultrasonography image obtained from an unruptured plaque and its corresponding 
Masson trichrome stained images, both of them demonstrating a concave shape for 
unruptured fibrous cap in vivo. 
4.3.4 Comparison of the deformation between ruptured and unruptured  
Figure 4-9 shows the distribution of maximum principal stress and the deformed shape 
obtained from FE analysis of unruptured model. The luminal surface over lipid core 
(fibrous cap) had a concave shape as observed by ultrasonography in Fig. 4-8(b). The 
deformation between the inlet intraluminal pressures of 8 and 16 kPa was larger and the 
stress on the luminal surface was larger than in the ruptured model. 
 
4.4 DISCUSSION 
We created an FE model of a carotid artery at bifurcation with a ruptured plaque based 
on a sample obtained from CEA and simulated the condition in which blood filled the 
lipid core cavity. The purpose of our modelling was to reproduce the convex shape of 
the luminal surface over the fibrous cap, observed by ultrasonography in vivo. The 
model reproduced the convex shape in some regions of the luminal surface, though not 
to the extent observed in vivo. We also created an FE model based on the ruptured 
model representing a carotid artery at bifurcation with unruptured plaque for 
comparison. The unruptured model with a soft lipid core had a low pressure in the lipid 
core and the fibrous cap was concave. 
As the wall ruptures and connects the lumen to lipid core, blood enters the lipid 
core, causing a high pressure conditions inside the lipid core with the same pressure as 
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that in the lumen. The equal pressure inside and outside of the lipid core causes the 
fibrous cap not to deform to a concave shape. 
4.4.1 Blood flow, velocity, pressure drop and fluid shear stress in carotid 
arteries 
Ackroyd et al. (1986) measured mean flow rate as 390 ± 91 ml/min for 40-69% 
stenosed ICA using a pulsed doppler duplex scanner noninvasively. Lindegaard et al. 
(1987) measured mean flow rate as 167-399 ml/min (with the highest as 526 ml/min) 
for ICA using Doppler ultrasound in vivo for 7 patients. Likittanasombut et al. (2006) 
reported the CCA flow rate as 310 ± 99 ml/min for 50-75% stenosed ICA using 
Doppler method. The flow rate in the 68% stenotic ICA in our CFD model was 431 
ml/min which is in accordance with the data from Ackroyd et al., but more than what 
reported by Likittanasombut et al. (2006) and  Lindegaard et al. (1986). 
Blackshear et al. (1980) obtained the peak systolic velocity as 0.47-1.14 m/s in 
CCA and 0.94-3.05 m/s in ICA for 60-90% stenotic carotid arteries by duplex scanning. 
In our CFD model, the peak velocity in CCA and ICA were 0.94 m/s and 1.21 m/s, 
respectively, which falls within the ranges reported by Blackshear et al. (1980). 
The pressure drop in our CFD model is similar to the results of Tao et al. (Tao et 
al., 2015) who obtained from patient-specific fluid-solid interaction (FSI) models (Fig.3 
G(b) in their paper).  
Teng et al. (2010a) and Kock et al. (2008) used FSI models of patient-specific 
carotid bifurcation and obtained that the peak shear stress in ICA was near 0.014 kPa. 
Teng et al. (2010b) also used 3-D FSI models of atherosclerotic carotid arteries at 
bifurcation and found that the mean fluid shear stress was 0.093 kPa which was 0.6% of 
the systolic pressure of 16kPa. According to Reneman and Hoeks (2008), the mean wall 
shear stress in human carotid artery is around 1.1-1.3 Pa. This means that the 
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longitudinal shear stress is too small to deform the fibrous cap with a change of 
circumferential curvature. 
4.4.2 Fibrous cap’s geometry in ruptured/unruptured plaques  
According to Davies (1994), a rupture of atheromatous plaque may lead the blood to 
flow into the lipid core and increase its volume. A connection between the lumen and 
lipid core increases the pressure in the lipid core to the level of luminal pressure. 
Rupture in the proximal side of the plaque caused a high pressure of 15.56 kPa in lipid 
core region. The pressure was uniform throughout the lipid core region, while the 
pressure on the luminal surface of the fibrous cap at the most stenotic region dropped to 
15.05 kPa. 0.5 kpa higher pressure in the lipid core region compared to the luminal 
surface of the plaque moved fibrous cap inward. However, in the unruptured model 
with the pressure of <2kPa in the lipid core, we observed lower stenosis and smaller 
plaque volume.  
The convex shape of the fibrous cap, with its deflection towards lumen can be 
identified in the observations of Chu et al. (Fig. 1 in their paper) and Saam et al. (Fig. 2 
and Fig. 3 in their paper) using MRI (Chu, et al., 2004; Saam, et al., 2005). 
4.4.3 Limitations 
The extent of the convexity and deformation of the fibrous cap may be affected by the 
surrounding tissues of the artery and the pulsatile blood flow which were not 
incorporated in this study. Furthermore, region-dependent material properties may 
affect the deformation of the fibrous cap, though we assumed the same material 
properties of the vascular wall to the fibrous cap which was expected to be stiffer. 
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4.5 CONCLUSIONS 
We investigated the deformation of a ruptured plaque by FE methods and compared the 
results to those of an unruptured plaque. The rupture-induced pressure in the lipid core 
inflated the plaque, moved fibrous cap towards lumen and increased stenosis. The 
fibrous cap of the ruptured model became a convex in short-axis view while the fibrous 
cap of the unruptured model was a concave. 
Our results indicate that geometrical change of a ruptured plaque with intra-
haemorrhage are caused by an increase of a rupture-induced pressure in the lipid core 
cavity and may increase stenosis. Better understanding of the post-rupture geometrical 
characteristics of ruptured plaques with blood-filled lipid core cavity may facilitate 
identification of such plaques in vivo. 
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TABLE 
 
 
 
 
 
 
 
 
Table 4-1. Type and number of elements used in each finite element model 
Element Fluid model Ruptured model Unruptured model 
Type FC3D4 C3D4H C3D4H 
Shape linear tetrahedral linear tetrahedral linear tetrahedral 
Number 0.64×106 0.73×106 0.92×106 
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FIGURES 
 
 
Figure 4-1. In vivo ultrasonographic image of the carotid artery: long axis (a) and short 
axis (b), formalin-fixed intimal layer extracted by CEA (c) and formalin-fixed cross 
sections (d); (in (d), the surface of the cut segments No. 1-5 is in the right hand side of 
the segments in (c) while the surface of the segments No. 6-7 is in the left hand side of 
the segments in (c))  
 
 
 
Figure 4-2. Histology of three of the cut segments (Masson trichrome staining). 
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(a) 
 
(b) 
Figure 4-3. (a) The profiles used to create the lumen, lipid core and outer surface of the 
dissected intimal region; (b) luminal surface (in blue) and cross sections (in grey) 
created from profiles in Fig. 4-3a (left panel); lipid core surface (in yellow), extra closed 
curves for the lipid core (in red) (right panel); Besides the cross sections No. 1-5 & 7, 
additional ones are shown in green.  
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(a) 
 
 
(b) 
Figure 4-4. (a) 3-D geometrical model in the ruptured case (left) and its corresponding 
FE model (right); (b) 3-D geometrical model in an unruptured case (left) and its 
corresponding FE model (right); yellow region is the lipid. 
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Figure 4-5. 3D geometry of the lumen, lipid core and the cylindrical region which 
connects the lumen to the lipid core (left) and their corresponding CFD model (right). 
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Figure 4-6. Pressure drop relative to inlet pressure of 0 kPa (left); applied pressure on 
the wall surface as a sum of a systolic pressure (16kPa) and the pressure drop shown in 
the left panel (right).  
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Figure 4-7. Distribution of maximum principal stress in the ruptured model in long- and 
short-axes. The horizontal lines show the location of the view cuts (Asterisk indicates 
lipid core region). 
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(a) 
       
(b) 
Figure 4-8. (a) Comparison between the in vivo ultrasonographic images representing a 
short-axis view of the carotid artery at diastolic and systolic phases with profiles of 
ruptured FE models at 8 and 16 kPa inlet pressures in the same cross section as Fig. 4-7 
(Asterisk indicates lipid core); (b) A short-axis view of a carotid artery with an 
unruptured plaque demonstrating a concave shape of fibrous cap: ultrasonography 
image (left), and Masson trichrome stained image (right).  
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Figure 4-9. Distribution of maximum principal stress in the unruptured model at the 
same location as the ruptured case in Fig. 4-7 (Asterisk indicates lipid core). 
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5. Conclusions 
This dissertation investigated the mechanical characteristics of human atheromatous 
plaques by incorporating histological observations and medical imaging techniques. It 
provides a deeper understanding of the effect of layer-specific geometry/material 
properties on stress/strain distribution and deformation in physiologically remodelled 
arteries. It also promotes our basic knowledge of the relationships of calcification and 
rupture with deformation of plaques in pathologically remodelled arteries. This 
additional information from mechanical viewpoint may facilitate devise of better 
prevention/treatment methods by medical doctors by improving diagnosis of the state of 
the plaque and its constituents. 
Changes in flow and circumferential stretches cause remodelling in normal 
arteries to restore the stress state (Langille, 1996). Local maximumal stress has been 
correlated with morphological features that affect plaques risk of rupture (Tang et al., 
2009). By separating fibrous cap as a layer from the arterial wall in atheromatous 
arteries, our method, used in chapter 2, may provide a more accurate assessment of 
location-dependant maximal stress and risk of plaque’s rupture. 
Existence of calcification or lipid core can be identified from medical images 
and stiffness of the plaque components (i.e. lipid core, calcified region, fibrous cap) can 
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be estimated from elastography (de Korte and van der Steen, 2002). The deformation 
characteristics of the calcified plaques obtained in chapter 3 provides additional 
information which could not be identified from medical images, i.e. relative location of 
calcification to lipid core and lumen and its effect on plaque’s surface deformation.  
This information may facilitate image-based identification of the location of 
calcification in atheromatous plaques and enhance diagnosis of vulnerable plaques.  
 The relationship between the luminal shape of a plaque and the state of the 
plaque (ruptured, unruptured, with intraplaque haemorrhage, etc.) has not been 
elucidated. In chapter 4, we examined the effect of increased pressure in lipid core in an 
FE model of a ruptured plaque, in which blood had filled the lipid core cavity, on 
luminal deformation of the fibrous cap. The results of this study indicated that rupture-
induced pressure caused the fibrous cap to become a convex. This may facilitate 
identification of ruptured plaque with blood-filled lipid core cavity using medical 
imaging techniques. 
A short summary of the conclusions derived from the three studies presented in 
chapters 2 to 4 of this dissertation are listed below:  
Conclusion chapter 2. Circumferential stress and its radial gradient are highly 
dependent on local curvature of the innermost stress-released layer, indicating that 
intimal stress is influenced significantly by location-dependent intimal remodelling. 
Conclusion chapter 3. Calcification in lipid core or deep in the fibrous cap does not 
significantly affect deformation of luminal surface above calcified region and fibrous 
cap is only severely restricted when it’s calcified.  
Conclusion chapter 4. A ruptured plaque with haemorrhage may be identified by 
luminal shape of the plaque as a consequence of an elevated pressure in the cavity of 
lipid core.  
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APPENDIX  
In this section, I have presented the stress-free geometry of the whole wall (layer-
aggregated) and the separated layers (layer-separated) of other specimens that were 
experimented on for the study in chapter 2 (See Fig. A-1).  
Table A-1 contains the information regarding the patient, frozen period and 
opening angles of the layer-aggregated and layer-separated layers shown in Fig.A-1. 
 
Table A-1. Opening angles of the layer-aggregated and layer-separated specimens 
shown in Fig. A1 
    
Opening angle (OA)  
Specimen  Gender Age 
Frozen 
period 
Layer-aggregated imi ma a 
CCA1 M 62 9 96.3 167.5 69.8 93 
CCA2 M 62 9 81 133.7 111.4 0.5 
CCA3 M 23 21 151.5 12.4 118.9 173.7 
CCA4 M 72 26 104.2 161.7 127.8 -15.2 
CCA5 M 72 26 100.8 172.7 95.5 -8.9 
CCA6 M 72 26 109.7 127.2 115.8 46.7 
CCA7 M 84 94 
 
48.9 58.5 74.7 
CCA8 M 84 94 
 
120.8 50.2 108.9 
CCA9 M 75 222 87.4 175.6 70.7 22.8 
CCA10 M 86 539 52.7 121.5 32.2 113.2 
CCA11 M 75 208 90.4 41.7 97.8 43.8 
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Figure A-1. Specimens of common carotid artery (CCA) which were tested for the 
study in chapter 2.  
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